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Abstract
We have studied polarized image of a Schwarzschild black hole with an equatorial thin accretion
disk as photon couples to Weyl tensor. The birefringence of photon originating from the coupling
affect the black hole shadow, the thin disk pattern and its luminosity distribution. We also analyze
the observed polarized intensity in the sky plane. The observed polarized intensity in the bright
region is stronger than that in the darker region. The stronger effect of the coupling on the observed
polarized vector appears only in the bright region close to black hole. These features in the polarized
image could help us to understand black hole shadow, the thin accretion disk and the coupling
between photon and Weyl tensor.
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The detection of gravitational waves [1–5] together with the release of the first images of the black hole M87*
[6, 7] indicates that the observational black hole astronomy has been entered an exciting era of rapid progress.
Recently, the Event Horizon Telescope (EHT) collaboration have also released the first polarized images of the
black hole M87* [8–10]. The brightness of the surrounding emission region and the corresponding polarization
pattern provide a wealth of information about the electromagnetic emissions from the black hole’s vicinity,
which is helpful to understand the material distribution, the electromagnetic interaction and the accretion
process near the black hole. This has encouraged a lot of effort to make theoretical research on polarized
images of black holes because it could help us to put insight into physics in the strong field region near
black holes by comparing the theoretical polarized patterns with the observed polarization signatures [11–13].
Recently, the polarized images of axisymmetric fluid orbiting in various magnetic field has been investigated
for a Kerr black hole with a simple model [14]. It is shown that the magnetic field configuration, together
with black hole spin and observer inclination, affects the polarization signatures of the image including photon
ring.
In general, the distribution of polarized intensity and polarized direction in the black hole’s image depend
on the propagation of polarized light in the spacetime, which is determined by the parameters of background
black hole, the dynamical properties of photon itself and the interactions between photon and other fields.
It is well known that electromagnetic force and gravity are two kinds of fundamental forces in nature and
then the interaction between the electromagnetic and gravitational fields should be important in physics. In
the standard Einstein-Maxwell theory, there is only a quadratic term of Maxwell tensor related directly to
electromagnetic field, which can also be understood as an interaction between Maxwell field and the metric
tensor. However, the interactions between electromagnetic field and curvature tensor are not included in
this theory. Actually, in a curved background spacetime, such kind of the couplings with curvature tensors
could be appeared naturally in quantum electrodynamics with the photon effective action originating from
one-loop vacuum polarization [15]. Although these curvature tensor corrections appear firstly as an effective
description of quantum effects, they may also occur near classical compact astrophysical objects with high
mass density and a strong gravitational field around the supermassive black holes at the center of galaxies
[16]. And then the models with arbitrary coupling constant have been investigated widely for some physical
motivation [17–32].
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In this paper, we focus on a simple interaction model where Maxwell field couples to Weyl tensor. The main
reason is that Weyl tensor is an important tensor in general relativity since it describes a type of gravitational
distortion in the spacetime. The coupling between Maxwell field and Weyl tensor changes both the path and
the maximum velocity of photon propagation, which could result in the “superluminal” phenomenon [15, 33–
35]. The optical behaviors of the coupled photons in the extended Weyl correction model have been studied
in the strong field region [36, 37], which shows that the measurement of relativistic images and time delay in
the strong field can provide a mechanism to detect the polarization direction of coupled photons. The double
shadow of a regular phantom black hole has been studied due to birefringence originating from the coupling
between Maxwell field and Weyl tensor [38]. However, it is still unclear what effects of the coupling between
photon and Weyl tensor on the polarized image of a black hole with a thin accretion disk. The motivation in
this paper is to study the image of a thin accretion disk around a black hole under the interaction between
Maxwell field and Weyl tensor, and then probe the effect of the coupling on the corresponding polarized
patterns.
The paper is organized as follows: In section II, we present equation of motion for the photons coupled to
Weyl tensor in a Schwarzschild black hole spacetime. In section III, we investigate the polarized image of a
Schwarzschild black hole with a thin disk by polarized light coupled with Weyl tensor. Finally, we end the
paper with a summary.
II. EQUATION OF MOTION FOR THE PHOTONS COUPLED TO WEYL TENSOR
Let us now to review briefly equation of motion for the photons coupled to Weyl tensor. In a curved
















Here Fµν and α are the usual electromagnetic tensor and the coupling constant with dimension of length-
squared, respectively. Weyl tensor Cµνρσ is defined by




where the brackets around indices refers to the antisymmetric part. Varying the action (1) with respect to







In order to obtain the equation of motion of the coupled photons from the above corrected Maxwell equation
(3), one can adopt the short wave approximation where the wavelength λ of photon is much smaller than a
typical curvature scale L, but is larger than the electron Compton wavelength λc. In this approximation, the
electromagnetic tensor can be written as a simple form
Fµν = fµνe
iθ, (4)
with a slowly varying amplitude fµν and a rapidly varying phase θ. And then the derivative term fµν;λ can be
neglected because the amplitude fµν is slowly varying [15, 33–35]. The wave vector kµ = ∂µθ can be treated as
the coupled photon momentum as in the usual theory of particle. From the Bianchi identity, one can find that
the amplitude fµν has a form fµν = kµaν − kνaµ, where aµ is the polarization vector satisfying the condition
that kµa
µ = 0. Combining Eq.(4) with Eq.(3), one can find that the equation of motion of photon coupling
to Weyl tensor becomes
kµk
µaν + 8αCµνρσkσkµaρ = 0. (5)
Obviously, the coupling with Weyl tensor changes the propagation of the coupled photon in the background
spacetime.
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ν , where ηab is the Minkowski metric and f = 1− 2Mr . With
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Introducing three linear combinations of momentum components [15]
lν = k
µU01µν , nν = k
µU02µν , mν = k
µU23µν , (10)
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the equation of motion of the coupled photon (5) can be simplified further as a set of equations for three
independent polarisation components a · l, a · n, and a ·m,
( K11 0 0
K21 K22 K23
0 0 K33





Here we do not list the coefficients Kij ( for more details see refs. [15, 36, 38] and reference therein). As in
refs.[15, 36–38], there are only two physical solutions for Eq.(12). The first solution is
(1 + 16αA)(g00k0k0 + g11k1k1) + (1− 8αA)(g22k2k2 + g33k3k3) = 0, (13)
which corresponds to the case the polarization vector aµ is proportional to lµ. The second one is
(1− 8αA)(g00k0k0 + g11k1k1) + (1 + 16αA)(g22k2k2 + g33k3k3) = 0, (14)
which means that the polarization vector aµ = λmµ. From above two equations, it is easy to find that the
equation of motion is different for the photon with different polarizations, which leads to a phenomenon of
birefringence of photon and then it can be expect the coupling with Weyl tensor will affect the image of black
hole with a thin disk and its luminosity. The light cone conditions (13) and (14) imply that the motion of
the coupled photons is geodesic in the effective metric γµν rather than in the original metric gµν [39]. The
effective metric for the coupled photon can be expressed as [36]
ds2 = −A(r)dt2 +B(r)dr2 + C(r)W (r)−1(dθ2 + sin2 θdφ2), (15)
where A(r) = B(r)−1 = 1− 2M
r





for photon with the polarization along lµ (PPL ) and is
W (r) =
r3 + 16αM
r3 − 8αM , (17)
for photon with the polarization along mµ (PPM ). With the increase of the coupling parameter α, one can
find that the inner circular orbit radius rph increases for PPL and decreases for PPM [36].
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FIG. 1: Image of a geometrically thin infinite accretion disk around a Schwarzschild black hole by polarized light
coupled with Weyl tensor for the observer with ro = 100M and θo = 0
◦. The upper row is for the PPL and the bottle
row is for the PPM. In each row, the coupling parameter α from left to right is taken to −0.4, −0.2, 0, 0.2 and 0.4,
respectively.
III. IMAGE OF A SCHWARZSCHILD BLACK HOLE WITH A THIN DISK BY POLARIZED
LIGHT COUPLED WITH WEYL TENSOR
In this section, we make use of the general relativistic ray-tracing code GYOTO [40] to present the image
of a Schwarzschild black hole with a thin disk by polarized light coupled with Weyl tensor. Here, we assume
that the disk of emitting matter around Schwarzschild black hole is a geometrically thin infinite accretion
disk and is located in the equatorial plane. In Figs. (1)-(3), we present the image of a Schwarzschild black
hole with a thin disk caused by PPL and PPM for the observer with different inclination angles. It is shown
that the image size of photon ring increases with the coupling parameter α for the PPL, but decreases for the
PPM. Moreover, with the increasing of α, the bright region in the image with the inclination angle θo = 70
◦
caused by the PPL extends to both sides along the black boundary and the disk’s image in the high latitude
zone shrinks. In the image caused by the PPM, one can find that the bright region shrinks along the black
boundary and the size of the disk’s image in the high latitude zone increases, which is just on the contrary to
the PPL case. In Figs.(4) and (5), we also present the intensity distribution curve of image along the line
y = 0. For the direct image caused by the PPL, we find that the intensity in the region near the black hole
decreases with α, but in the far region it increases. The change of the direct image’s intensity with α for the
PPM is the opposite of that for the PPL. For the secondary image, its maximum intensity depends on the
inclination angle θo of the observer. As θo = 0
◦, the maximum intensity of the secondary image is almost
independent of the coupling parameter α. However, as θo = 70
◦, it is an increasing function of α for the PPL
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FIG. 2: Image of a geometrically thin infinite accretion disk around a Schwarzschild black hole by polarized light
coupled with Weyl tensor for the observer with ro = 100M and θo = 70
◦. The upper row is for the PPL and the bottle
row is for the PPM. In each row, the coupling parameter α from left to right is taken to −0.4, −0.2, 0, 0.2 and 0.4,
respectively.
FIG. 3: The partial enlargement of images in Fig.(2). The upper row is for the PPL and the bottle row is for the


























































































































































FIG. 4: The intensity distribution curve of images along the line y = 0 for the observer with inclination angle θo = 0
◦.























































































































FIG. 5: The intensity distribution curve of images along the line y = 0 for the observer with inclination angle θo = 70
◦.
The upper row is for the PPL and the bottle row is for the PPM, respectively.
and a decreasing function for the PPM. Moreover, we find that the width of the secondary image decreases
with α for the PPL and increases for the PPM.
We are now to present the polarized image of a Schwarzschild black hole with a thin disk arising from the
coupling between photon and Weyl tensor. Following the operation in refs.[10–14], in a Schwarzschild black
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FIG. 6: Polarized intensity tick plots in the direct image for the fixed θo = 0
◦. The upper row is for the PPL and the
bottom row is for the PPM. In each row, the coupling parameter α in three panels from left to right is set to −0.4, 0,
and 0.4, respectively.
hole spacetime, one can find that the Penrose-Walker constant κ [41] for a photon moving along a trajectory




κ = κ1 + iκ2 = rs(C − iD) (18)
with
C = ptf r − prf t, D = r2s(pφfθ − pθfφ). (19)
And then the unit-normalized observed polarization (fx, fy) in the observer screen at position (x, y) can be
expressed as

















For the polarization vector lµ = (kr, kt, 0, 0), we have κ2 = −rsD = 0. And then, its unit-normalized observed
polarization (fxl , f
y














This means that the observed polarization ~fl for l
µ is along the “radial ” direction ~r = x~i + y~j in the sky
plane. Similarly, for the polarization vector mµ = (0, 0,−kφ, kθ), we have κ1 = rsC = 0 and its corresponding
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FIG. 7: Polarized intensity tick plots in the direct image for the fixed θo = 70
◦. The upper row is for the PPL and the
bottom row is for the PPM. In each row, the coupling parameter α in three panels from left to right is set to −0.4, 0,
and 0.4, respectively.
















And then the observed polarization ~fm is along the “angular ” direction in the sky plane. It is obvious that
the observed polarization vectors ~fl and ~fm are perpendicular to each other, which is also shown in Figs. (6)
and (7). Thus, for a certain linear polarization light, one can compute its total observed polarization (fx, fy)
by its observed intensity components Il and Im along the vectors ~fl and ~fm in the sky plane, i.e.,
fx =
√
Il cos γ −
√
Im sin γ, f
y =
√
Il sin γ +
√
Im cos γ, (23)
where γ ≡ arctan( y
x
). In Figs.(8) and (9), we show the polarized pattern of an equatorial thin disk around
a Schwarzschild black hole in the sky plane for different coupling parameter α. As θo = 0
◦, we find that
the polarized intensity tick plot has a counterclockwise vortex-like distribution with a rotational symmetry.
As θo = 70
◦, the rotational symmetry vanishes in the corresponding tick plot. Moreover, we find that the
observed polarized intensity in the bright region is stronger than that in the darker region. Figs.(8)-(11) also
show that the effect of α on the observed polarized vector is weak in general and the stronger effect of α
appears in the bright region close to black hole in the image plane.
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FIG. 8: Polarized intensity tick plots in the direct image for the fixed θo = 0
◦. The coupling parameter α in three
panels from left to right is set to −0.4, 0, and 0.4, respectively.
FIG. 9: Polarized intensity tick plots in the image for the fixed θo = 70
◦. The coupling parameter α in three panels
from left to right is set to −0.4, 0, and 0.4, respectively.
IV. SUMMARY
We have studied polarized image of a Schwarzschild black hole with a thin accretion disk produced by
photon coupled to Weyl tensor. Our results show that the black hole shadow, the thin disk pattern and
the observed polarized vector depend on the coupling between photon and Weyl tensor. With the coupling


























FIG. 10: Difference of the total observed polarization in the cases α = −0.4 and α = 0.4 for θo = 0
◦. The red line and
the blue line correspond to α = −0.4 and 0.4, respectively. The panel on the right is an enlargement of that in the left.
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FIG. 11: Difference of the total observed polarization in the cases α = −0.4 and α = 0.4 for θo = 70
◦. The red line
and the blue line correspond to α = −0.4 and 0.4, respectively. The panel on the right is an enlargement of that in
the left.
parameter α, the image size of photon ring increases for the PPL and decreases for the PPM. For the direct
image caused by the PPL, its intensity decreases in the region near the black hole, but it increases in the
far region. The change of the direct image’s intensity with α for the PPM is the opposite of that for the
PPL. For the secondary image, its maximum intensity depends on the inclination angle θo of the observer.
As θo = 0
◦, the maximum intensity of the secondary image is almost independent of the coupling parameter
α. As θo = 70
◦, it is an increasing function of α for the PPL and a decreasing function for the PPM. The
width of the secondary image decreases with α for the PPL and increases for the PPM. Moreover, the bright
region in the image with the inclination angle θo = 70
◦ caused by the PPL extends to both sides along the
black boundary and the disk’s image in the high latitude zone shrinks. In the image caused by the PPM, one
can find that the bright region shrinks along the black boundary and the size of the disk’s image in the high
latitude zone increases, which is just on the contrary to the PPL case.
We also present the tick plot for the observed polarized intensity. As θo = 0
◦, we find that the polarized
intensity tick plot has a counterclockwise vortex-like distribution with a rotational symmetry. As θo = 70
◦, the
rotational symmetry vanishes in the corresponding tick plot. Moreover, we find that the observed polarized
intensity in the bright region is stronger than that in the darker region. It is also noted that the effect of α
on the observed polarized vector is weak in general and the stronger effect of α appears in the bright region
close to black hole in the image plane. These features in the polarized image could help us to understand
black hole shadow, thin accretion disk and the coupling between photon and Weyl tensor.
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